The respiratory losses and the pattern of carbon supply from a leaf of uniculm barley were examined during a complete diurnal period using a steady state I4 C-labelling technique.
INTRODUCTION
The carbon economy of the leaf of uniculm barley has been examined in some detail in earlier papers (Gordon, Ryle, and Powell, 1977, 1979 ) using a quantitative short-term labelling technique. Although this technique is quite adequate for most purposes, there remains some uncertainty as to whether it gives a truly quantitative account of the rate and pattern of mobilization and export of'assimilates and their sequence of utilization in meristems.
The present paper provides data from steady state labelling where, in the main experiment, all assimilate generated throughout the photoperiod was uniformly labelled with radiocarbon. Specifically, we sought accurate measurements of rate of export of labelled assimilates from the leaf during the light and dark periods, and an account of their chemistry. In addition, we sought to establish how quickly the assimilates exported from the leaf become entrained in the processes of translocation and utilization at the meristems, to determine how rapidly respiratory burdens become established in relation to the time of formation of their substrates.
MATERIALS AND METHODS

Plant material and growth conditions
Plants were grown exactly as described previously (Gordon et al., 1977 (Gordon et al., , 1979 in Saxcil cabinets 1 The Grassland Research Institute is financed through the Agricultural Research Council.
providing a day/night temperature regime of 23/18 °C and a photoperiod of 8-5 h of light from a mixture of fluorescent tubes and incandescent lamps (150 Wm~2 in the spectral region 400-730 nm). Plants, selected for uniformity, were used when they had two (steady state labelling for a complete photoperiod) or three (steady state labelling for 4-5 h) fully expanded leaves.
Steady state labelling
The terminal 13 cm of the youngest fully expanded leaf of each of 20 plants was enclosed in a perspex assimilation chamber and exposed to 14 CO 2 as described previously (Ryle and Powell, 1974 . Outside air was passed through the chamber and the depletion of CO 2 was monitored by an IRGA before the air was vented to the atmosphere. Labelled CO 2 was continuously generated by passing a subsidiary stream of outside air (<5 1 min~') through a 50% solution of lactic acid, which continuously liberated the 14 CO 2 from a solution of Na 2 I4 CO 3 (c. 60 mCi nunol"') injected into the reaction vessel by a motorized syringe. This gas was mixed into the main air stream so that the resulting I4 CO 2 / 12 CO 2 mixture had a low constant specific activity. The total rate of flow of the main air stream was adjusted to ensure that CO 2 depletion by the photosynthesizing leaves did not exceed 10%. The addition of 14 CO 2 to the air stream increased total CO 2 concentration by <01%. The rate of photosynthesis of plants grown in these conditions remained constant for the whole photoperiod.
Experimental procedure
Where steady state labelling was to take place for a complete photoperiod (8-5 h) the apparatus, plants, and 14 CO 2 -generating system were all in position and operating before the lights were switched on. Thus all CO 2 fixed during the photoperiod was of constant specific activity. Where labelling was undertaken for 4-5 h only, it was initiated 1-2 hours after the beginning of the photoperiod. In all experiments, plants experienced the same environmental conditions during labelling as those in which they had been grown.
At intervals throughout labelling, leaves were removed from the assimilation chambers for analysis. The enclosed leaf was gently pulled out of the assimilation chamber while the latter remained closed. The soft neoprene rubber seals permitted this without damage to the leaf, without impairment of the gas-tight seal and without disturbance to other plants simultaneously fixing U CO 2 .
Steady state labelling for 4-5 h: experiments 1,2, and 3
Samples (typically) were taken at 0, 5, 10, 15, 20, 25, 30, 35, 40, 50, 65, 80, 100, 120, 140, 180, 200, 220, 240, 260, 280 , and 300 min after steady state labelling began.
Steady state labelling for a complete photoperiod: experiment 4
Plants were harvested at 0, 1-5, 3-0, 4-5, 6, and 7-5 h after the beginning of the photoperiod, i.e. during steady state labelling in the light. Harvests continued throughout the dark period at 9, 10, 12, 13-5, 15, 17,19-5, 21-5,' and 24 h after the photoperiod began. Further samples were taken at 48 h.
Fractionation and analysis
After removal from the assimilation chamber, the fed leaf (the portion of the youngest fully expanded leaf exposed to 14 COj) was cut off immediately, its length and area measured (using a Paton Industries Electronic Planimeter), and then immersed in boiling 80% (v/v) ethanol. The remainder of the exposed leaf (rest of leaf blade plus sheath), the terminal meristem (including all younger leaves and the stem which was 1-3 mm long), the roots, and the old leaves were either dried, weighed, and oxidized to determine the 14 C content or, as with the fed leaf, were killed in boiling 80% ethanol for subsequent extraction and fractionation as described previously (Gordon et al., 1977 (Gordon et al., , 1979 .
RESULTS
An illuminated leaf, exposed to a stream of air in a cuvette, photosynthesizes and respires simultaneously. In bright light there is normally a net uptake of CO 2 , usually designated as the net rate of photosynthesis of the leaf.
When a constant level of 14 CO 2 is injected into the air stream passing over the leaf, 14 CO 2 is taken up in photosynthesis, incorporated in various metabolic pathways, and a portion of the 14 C is lost as 14 CO 2 (photorespiration) from the same leaf surface. Generally, a stable pattern of 14 CO 2 influx and efflux is established within a few minutes (Ludwig and Canvin, 1971 ). This net rate of uptake is the net rate of photosynthesis of 14 CO 2 and, if discrimination is small (Yemm and Bidwell, 1969) , is related precisely to the net rate of photosynthesis of 12 CO 2 by the specific activity of the 14 CO 2 in the air stream.
Carbohydrates and other products are synthesized from the assimilated 14 CO 2 not lost in photorespiration, and these are either stored or exported from the leaf into the other organs of the plant The respiratory loss of 14 C from assimilate during storage and during export is relatively small, but increases rapidly when labelled assimilate is utilized at the meristems (Ryle, Cobby, and Powell, 1976; Gordon et al, 1979) .
In the Gramineae, mobilization of labelled assimilate can occur within 5-10 min of 14 CO 2 fixation and such exported assimilate may reach the most remote meristems within 15-30 min (Ryle and Powell, unpublished) .
When the leaf of a uniculm barley plant is exposed to 14 CO 2 , as described above, the rate of 14 C accumulation by the whole plant should exhibit three main phases: an initial phase lasting a few minutes, reflecting the rate of gross photosynthesis of the leaf; a second phase lasting c. 5-30 min largely reflecting the net rate of photosynthesis of the leaf; and a third phase reflecting the net rate of 14 C accumulation by the whole plant, lasting from c. 30-40 min until the assimilation of M CO 2 ceases.
While it is accepted that these three phases merge smoothly one into the next, and that the duration of gross photosynthesis is too short to be detected in these experiments, it was hoped that the rates of 14 C accumulation during the second and third phases would be measurable.
Respiration during a 4-5 h period of steady state labelling
Figure 1 depicts such rates of 14 C accumulation from one experiment Summaries of the data from this and two other similar experiments are given in Table 1 . In Fig. 1 the initial slope depicting rate of 14 C accumulation (I M ) persists for up to 1 h, after which the rate of 14 C accumulation declines and settles to a new steady rate (F M ) which persists for hours. The difference between the two rates (I M -F M ) clearly represents the rate of loss of 14 C in respiration from the plant. The average rate of respiratory loss of 14 C for the three experiments listed in Table 1 , expressed as a percentage of the initial rate of accumulation ((I M -F M /I M ) x 100), is approximately 24%. It will be noted also that there was a distinct lag period of c. 30 min before bulk export of 14 C began.
The initial rate of accumulation of 14 C in the plant can also be estimated independently by reference to the known concentration of 14 CO 2 in the air stream passing over the leaf and the rate of uptake of 12 CO 2 measured by the IRGA. If the leaf does not appreciably discriminate between 14 CO 2 and n CO 2 (Yemm and Bidwell, 1969) then the depletion of 14 CO 2 will be the same as that of I2 CO 2 , and
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Fio. 1. Steady state labelling for 4-5 h. The 13 cm tips of young mature leaves of c. 20 plants were continuously supplied with 14 CO 2 under normal illumination. Plants were harvested at intervals and the total 14 C content of the whole plant (#) and its parts were determined (whole plant minus 14 C in fed portion of leaf (A). 
NS •
Calculated values were obtained from the known rate of I4 CO 2 generated and the measured photosynthetic rates. Measured values were based on the best fit of the lines relating total 14 C found in the plant and time after the steady state feed began. The difference between the initial (1^ and final (F,^ slopes was assessed using the Behrens-Fisher test (Fisher and Yates, 1963) . * P < 0-05. NS = not significantly different. the appropriate rate of M CO 2 depletion-or U CO 2 uptake by the plant-can readily be calculated. These calculated rates of 14 C accumulation are also listed in Table 1 . Generally these rates are all a little lower than the measured initial rates of 14 CO 2 uptake. If these calculated rates are used to estimate respiration losses ((I c -F M /I C ) x 100 in Table 1 ), a slightly lower range of values is obtained. While it is somewhat disappointing that the estimates for respiration are not more constant the data clearly make the point that the respiratory loss of carbon from the whole of the plant including meristems reaches a maximum by c. 1 h from the time of formation of assimilate in the photosynthesizing leaf, and that the average magnitude of the loss is of the order of 20-30% of the rate of net photosynthesis.
Steady state labelling during a complete photoperiod
In single mature leaves of uniculm barley, net photosynthesis proceeds at a steady rate throughout the photoperiod. Because of the known equivalence between the amount of 14 C and the amount of 12 C assimilated by the leaf it is possible, by analysing appropriate plant samples, to derive information about the rates and total amounts of carbon exported, metabolised, and respired. This information is specific to the particular leaf and to the carbon fixed by it Samples taken during the ensuing dark period provide unique information about the pattern of events during remobilization and the export of stored material from the leaf in darkness. Accumulation of 14 C by the whole plant once 14 C was entrained in the whole system occurred in a linear manner during the light period (Fig. 2) . The observed accumulation rate (F M ) was 8-8 kBq h" 1 while the rate of net uptake of U C calculated from the IRGA data (I c ) was 11-1 kBq h" 1 , thus indicating a respiration loss of c. 20%. The net photosynthetic rate was 32-5 mg CO 2 dm~2 h" 1 (or 8-9 mg C dm~2 h" 1 ) and since this is equivalent to the rate of 14 C fixation (i.e. 11-1 kBq h" 1 ) the units of radioactivity can be directly converted to mg carbon (see Table  2 ).
During the light period the rate of export from the leaf was c 5-3 mg C dm~2 h~\ and the rate at which carbon was stored in the leaf was c. 3-5 mg C dm~2 h" 1 . Since some of the exported carbon was respired during translocation and at destinations in growing leaves and roots, the rate of C accumulation in the rest of the plant, coincidentally, was approximately equal to that in the assimilating leaf.
At the end of the light period the plant still contained 80% of the carbon fixed, half of which was still present in the leaf. During darkness there was a steady loss of carbon due to respiration such that the total respiratory loss over the 24 h period amounted to 48% of the total net fixation (Fig. 2, Table 2 ). The rate of respiratory loss during darkness was c 1-4 mg C h~' (expressed per unit dm 2 leaf), somewhat lower than the rate estimated during the light (1 -8 mg C h" 1 )-Of the assimilated carbon remaining in the leaf at the end of the photoperiod, most was exported during darkness. The rate of export, however, varied as time Fio. 3. Radioactivity in fractions extracted from the fed leaf which was continuously exposed to l4 COj during the photoperiod. Samples were taken throughout the light and dark periods. Total (•), neutral sugars (•), starch (OX warm water-soluble (OX charged compounds (Q), pigments (AX progressed. A simple interpretation of the data might suggest two phases in the export of carbon from the leaf. The initial phase was at a faster rate (2-0 mg C dm~2 h" 1 ) than the final rate (1-0 mg C dm~2 h" 1 ) with a mean rate of 1-7 mg C dm" 2 h" 1 for the whole dark period.
Events in the leaf {Fig. 3)
The leaf was fractionated into the chemical components shown in Fig. 3 . During the light most fractions accumulated 14 C, the most important ones being neutral sugars, starch, the warm water-soluble fraction (which consisted mainly of higher molecular weight fructosans and some starch) and charged compounds (cf. Gordon et al, 1977) . The sample taken at 1-5 h after the 14 CO 2 exposure began contained proportionately more neutral sugars than other substances. Subsequent accumulation of 14 C in this fraction during the rest of the photoperiod was at a slower rate. On the other hand, U C accumulation in starch and the warm water-soluble fraction seemed to be delayed for 1-2 h after the beginning of the photoperiod; subsequently, the rate of accumulation was steady until the onset of darkness.
Neutral sugars and starch were the two largest fractions, accounting for 75% of the I4 C present in the leaf at the end of the photoperiod. During darkness, neutral sugars (mainly sucrose), starch, and the warm water-soluble fraction were the chief sources of carbon for export Sucrose was exported first (hour 8-5-17) whilst the carbon in starch and the warm water-soluble fraction remained unaltered. After c. 9 h of darkness the rate of sucrose depletion was reduced abruptly. This was due mainly, but not entirely, to the onset of carbon remobilization from starch and the warm water-soluble fraction; the carbon from these sources presumably entered the sucrose pool for export. The amount of carbon which remained in the leaf at 24 h was only c. 6% of the total fixed during the photoperiod, emphasizing the role of the leaf as an efficient supplier of carbon for the growing regions of the plant.
Utilization of carbon imported from the leaf
At the completion of one diurnal period, respiration had accounted for c. 48% of the total carbon fixed during the photoperiod. Of the carbon remaining at 24 h, 70% was found in the roots and terminal meristem, with small amounts in the fed leaf (11%), the remainder of the exposed leaf (16%), and the old leaves (3%). The roots and terminal meristem were chemically fractionated and the combined data are shown in Fig. 4 . This simply represents the pattern of utilization of carbon derived from the youngest mature leaf. The flux of carbon from neutral sugars to growth products (which includes all M C not associated with sugars, starch, or intermediary metabolites, i.e. the 14 C associated with structural carbohydrate, protein, pigments, waxes, etc.) is in agreement with previous results using short-term labelling techniques (Gordon et al., 1977) and deserves no special mention here.
DISCUSSION
Respiratory losses of l *C
Previous experiments using quantitative short-term labelling techniques have shown rapid' and significant respiratory losses of M C from several Graminaceous plants following U CO 2 assimilation for 0-5-1-0 h durations by single leaves (Ryle, Brockington, Powell, and Cross, 1973; Ryle and Powell, 1974; Gordon et al., 1977 Gordon et al., , 1979 . Such losses occurred both in light and dark. The present experiments with steady state labelling substantiate these results, permit new estimates of the rate of CO 2 loss in whole plant respiration, and provide data concerning the time taken for complete entrainment of labelled carbon in the metabolic system of the plant.
The data in Fig. 1 and Table 1 strongly suggest that the M C-labelled assimilates generated in net photosynthesis steadily accumulate in the leaf for a short period of c. 30 min with little or no loss due to export or respiration, but that after c. 60 min they are completely entrained in plant metabolism and are being respired at normal rates. The difference between these two rates of accumulation provides an estimate of the rate at which recently formed assimilates are respired in the light This averaged 24% for the three experiments listed in Table 1 .
If the 'calculated' initial rate of accumulation is used to estimate the CO 2 loss in whole plant respiration, instead of the measured initial rate (see Table 1 and text), the rates are 23% on average. In experiment 4 the initial rate of 14 C accumulation was calculated (not measured) and the estimate for CO 2 loss in respiration in the light was 20% of the recently fixed 14 C. Taken together, these data indicate that 20-30% of the carbon fixed in net photosynthesis by the leaf is lost in respiration in the light (by the whole plant), and that in these uniculm barley plants, the maximum rate of loss is attained within c. 1 h of the onset of steady state labelling. This conclusion has implications for the calculation of the rate of export of labelled carbon from the leaf, which is discussed later.
In experiment 4, the rate of respiration of labelled assimilate could also be estimated during the 15-5 h dark period. During darkness the respiratory loss of 14 C is indicated by the loss of 14 C from the whole plant (Fig. 2) and accounts for a further 28% of the total 14 C fixed during the photoperiod. The difference in light and dark respiration rates (1-8 v. 1-4 mg C h" 1 (per 1 dm 2 of fed leaf)) can be accounted for by the difference in temperature (23 °C v. 18 °C light/dark). Based on a Q l0 of 2, a 'light' respiration rate of >2 mg C h" 1 (dm~2) would be expected at the higher temperature. The total diurnal respiratory loss of 14 C amounted to c. 48% of the total fixed during the photoperiod, a value which is somewhat higher than previous estimates (Ryle et ai, 1973 (Ryle et ai, , 1976 Gordon et ai, 1977 Gordon et ai, , 1979 but similar to those of C hall a (in press).
Export in the light
In plants grown in and adapted to the usual light/dark cycles, carbon is fixed during the light but metered out for use during the whole 24 h period. During light, as photosynthesis proceeded, carbon was exported (60%) for immediate use in the growing regions of the plant, but a portion (40%) of the photosynthate was also accumulated in the leaf. During darkness this stored material was remobilized and exported.
Export during the light was calculated to be > 3 times the rate of export during the dark (5-3 v. 1-7 mg C dm" 2 h" 1 , Table 2 ). This difference in export rates cannot be due entirely to the difference in light and dark temperatures (AT = 5 °C) and may be a feature of export fuelled by photosynthesis compared with that reliant on stored carbohydrate (cf. Plaut and Reinhold, 1969) . Similar reductions in the export rate after the transition from light to dark have been noted previously (Geiger and Batey, 1967; Hartt and Kortschak, 1967; Terry and Mortimer, 1972; Charles-Edwards and Ludwig, 1975; Gordon et ai, 1977) . Translocation rate is known to be related to the photosynthetic rate (Christy and Swanson, 1976; Servaites and Geiger, 1974; Ho, 1976a) as well as other factors (Crafts and Crisp, 1971; Geiger and Sovonick, 1975) .
These results are in good agreement with those of other workers who have estimated translocation rates by direct measurements of the carbon balance of exporting leaves (Terry and Mortimer, 1972; Ho, 1976a Ho, , b, 1977 Ho, , 1978 Silvius, Kremer, and Lee, 1978) . However, our estimates of translocation rates are generally higher than those of Geiger and co-workers (Geiger and Swanson, 1965; Geiger and Batey, 1967; Servaites and Geiger, 1974; Christy and Swanson, 1976; Swanson, Hoddinott, and Sij, 1976 ) whose measurements depended on the determination of 14 C accumulation in a sink organ using a Geiger-Muller detector. Although it is clear from recent findings (Swanson et ah, 1976 ) that respiratory loss of 14 C from the sink was a significant factor, there seems to have been no attempt to correct for respiratory loss of 14 C from the sink organs or from the transport pathway (cf. Canny, 1962) and so the measured rates of transport are likely to be underestimates. For example the translocation rate from a sugar beet leaf with a photosynthetic rate of 8-0 mg C dm~2 h~' was 3-5 mg C dm~2 h" 1 (Geiger and Swanson, 1965) . This is similar to the rate of 14 C accumulation by the 'rest of the plant' in the present experiment (i.e. 3-5 mg dm~2 h" 1 from a leaf with a photosynthetic rate of 8-9 mg C dm~2 h" 1 , Table 2 ). However, taking into account respiration during transport and from the sink region, the translocation rate is here more reliably estimated to be 5-3 mg C dm~2 h" 1 .
Export in the dark
The labelled carbon remaining in the leaf of uniculm barley at the end of the photoperiod was exported at a linear rate of 2 mg C dm~2 h" 1 for about 9 h. After this time, rate of export declined during the remaining 6-5 h of the dark period to a minimum rate of c. 1 mg C dm~2 h" 1 .
Export from the leaf during darkness must rely on reserves accumulated during the photoperiod. In the barley leaf the principal storage carbohydrate is sucrose, while starch is a smaller but significant component of the storage pool. Together they comprise 75% of the 14 C remaining in the leaf at the end of the photoperiod (Fig. 3) . In the growth conditions described there is usually 4-5 times as much sucrose as starch (cf. Gordon et al., 1977) . This situation is markedly different from that in some other plants. For example, starch is the dominant reserve carbohydrate in the leaf of tomato (Ho, 1977 (Ho, , 1978 , soya bean (Thorne and Koller, 1974) , cucumber (Challa, 1976) , and sugar beet (Milford and Pearman, 1975; Christy and Swanson, 1976) . Sucrose is the major carbohydrate in the leaf of lupin (Sharkey and Pate, 1976) whilst in the Gramineae the situation is complicated by the storage, in parts of these plants, of fructosans (e.g. Smith and Grotelueschen, 1966) . Frustosans have also been found to accumulate in the leaves of uniculm barley during prolonged light periods (Gordon et al., 1979) .
The pattern of carbohydrate supply from leaves during darkness is less well documented. In lupin (Sharkey and Pate, 1976) sucrose accumulated during the morning to reach a peak at about mid-day. The increase in starch level began as the light intensity reached a maximum and continued steadily until the end of the day. With the onset of dark, both sucrose and starch levels began to decline. In cucumber (Challa, 1976) , sucrose (the minor carbohydrate) fluctuated somewhat during the light period and declined gradually during darkness. Starch showed a linear increase during the day and a linear decrease at night Both of these examples differ from the situation found in barley where sucrose and starch, accumulated during the day, behaved quite differently during darkness (Fig. 3) . Initially the starch level remained constant while the sucrose reserves were rapidly depleted. After 8-9 h of darkness starch remobilization began, contributing to an apparent decline in the depletion of leaf sucrose. This type of delay in starch remobilization can be observed in the data presented by Lush and Evans, (1974) for Panicum maximum grown in 8 h photoperiods. It appears that starch synthesis and degradation are carefully and precisely regulated and perhaps, in barley, that sucrose level in the leaf is in some way involved in this regulation. How this mechanism could operate is not understood, however, particularly since starch and sucrose are thought to be confined to the chloroplast and cytoplasm respectively (Heber, 1974; Walker, 1976) .
In conclusion, we have described a means of steady state labelling which allows an estimate of the respiratory losses during the photoperiod. This in turn permits a more reliable estimate of the translocation rate since, inevitably, some of the carbon imported into actively growing tissue will be respired almost immediately.
Furthermore we have used this technique to examine the role of the leaf as a supplier of carbon during a complete diurnal period. An interesting point, and one deserving further attention, was the relationship found between starch and sucrose levels during remobilization and export in the dark.
The results presented here are confined to plants accustomed to a short photoperiod and fairly high temperatures. In future we hope to look at export and respiration in relation to different light and temperature regimes.
